Abstract Heterogeneous photocatalysis using the semiconductor titanium dioxide (TiO 2 ) has proven to be a promising treatment technology for water purification. The effectiveness of this oxidation technology for the destruction of pharmaceuticals has also been demonstrated in numerous studies. This review highlights recent research on TiO 2 photocatalytic treatment applied to the removal of selected pharmaceuticals. The discussions are tailored based on the therapeutic drug classes as the kinetics and mechanistic aspects are compound dependent. These classes of pharmaceuticals were chosen because of their environmental prevalence and potential adverse effects. Optimal operational conditions and degradation pathways vary with different pharmaceutical compounds. The main conclusion is that the use of TiO 2 photocatalysis can be considered a state-of-the-art pharmaceutical wastewater treatment methodology. Further studies are, however, required to optimize the operating conditions for maximum degradation of multiple pharmaceuticals in wastewater under realistic conditions and on an industrial scale.
Introduction
Poor sanitation, water scarcity, deterioration of water quality, emergence of waterborne diseases, and lack of clean water supply are all posing global challenges due to the rising demand by an increasing world population. Further demands on water resources have resulted from the introduction of emerging recalcitrant contaminants or xenobiotics, such as pharmaceuticals, endocrine disruptors, surfactants, and personal care products, which are complex and resistant to degradation. The number of studies highlighting the prevalence of pharmaceuticals in water environments has increased significantly since 2000, Heberer (2002) , Tixier et al. (2003) , Fent et al. (2006) , and Miège et al. (2009) . This has raised widespread concern about the lack of knowledge of potential effects of pharmaceutical compounds and their metabolites on human and aquatic organisms, despite occurring in trace quantities ranging from ng/L to lg/L, Kümmerer (2009) and Mompelat et al. (2009) .
Existing sewage treatment technology is considered inadequate for the removal of emerging micropollutants, as they are not designed to handle this specific class of pollutants, Suárez et al. (2008) . The failure of conventional wastewater treatment plants (WWTPs) to remove pharmaceuticals clearly shows the urgent need for innovative technologies that can effectively deal with these compounds, Ternes (1998) and Zhang et al. (2008a) . Advanced oxidation processes (AOPs) are regarded as appropriate to degrade pollutants, which are known to be non-biodegradable or have low biodegradability, persistence, and possess high chemical stability. AOPs for water and wastewater treatment include photolysis and photocatalysis, ozonation, Fenton and photo-Fenton, ultrasound radiation, sonolysis, electrochemical oxidation, and wet air oxidation.
In general, all AOPs are characterized by the presence of reactive oxygen species, which can react with non-biodegradable or recalcitrant compounds in water or wastewater, Dalrymple et al. (2007) . Reactive oxygen or free radical species are strong oxidants that can mineralize pollutants to simple and non-toxic molecules. These free radical species are based on atoms or molecules consisting of one or more unpaired electrons such as the hydroxyl radical (HO • radicals are their non-selective nature, high oxidation potential (2.8 V) when compared to other oxidants and ability to react with a wide range of contaminants without any additives, and rate constants normally in the order of 10 6 -10 9 mol L -1 s -1 , Andreozzi et al. (1999) . Semiconductor-mediated photocatalysis, in particular with TiO 2 , is distinctive compared to other AOPs for the removal of persistent pollutants from wastewaters. This article is an abridged version of the chapter by Kanakaraju et al. (2013) in Environmental Chemistry for a Sustainable World (http://www.springer.com/series/11480).
Heterogeneous photocatalysis
The IUPAC defines photocatalysis as a ''change in the rate of a chemical reaction or its initiation on exposure to ultraviolet, visible or infrared radiation in the presence of a substance, the photocatalyst that absorbs light quanta and is involved in the chemical transformation of the reaction partners '', Braslavsky (2007) .
In 1972, Fujishima and Honda discovered the possibility of water splitting by means of a photoelectrochemical cell consisting of a rutile TiO 2 photoanode and a Pt counter electrode, Fujishima et al. (2008) . This discovery prompted new applications such as air purification, self-cleaning surfaces, organic synthesis, disinfection, and anti-cancer therapy. An interesting application of this discovery is in water purification. Degradation of various organic target compounds such as dyes, pesticides, and pharmaceuticals has been demonstrated.
An ideal photocatalyst should be chemically and biologically inert, photoactive, photostable, inexpensive, nontoxic and should be excited with visible and near/or ultraviolet (UV) light. Despite the existence of various chalcogenide semiconductor photocatalysts (oxides and sulfides) such as ZnO, ZnS, Fe 2 O 3 , CdS, CeO 2 , WO 3 , SnO 2 , and TiO 2 , they do not meet all the characteristics of an ideal photocatalyst. The choice of catalyst in photocatalytic studies for the degradation of pharmaceuticals is frequently restricted to TiO 2 because it is highly photostable, non-toxic, inexpensive, photoreactive, and chemically and biologically inert, Friedmann et al. (2010) .
The mechanistic processes of TiO 2 -induced photocatalytic degradation of organic pollutants have been well described in the literature, Fox and Dulay (1993) , Legrini et al. (1993) , Hoffmann et al. (1995) , Chong et al. (2010) , and Augugliaro et al. (2012) . When the TiO 2 catalyst is irradiated with light of sufficient energy, interfacial redox reactions and photogenerated holes have been identified as important reactions for photocatalytic degradation, Friedmann et al. (2010) . Generally, wavelengths between 300 and 400 nm (near UV range) are of interest in TiO 2 photocatalysis, which are provided either by artificial UV lamps or by a small section of the solar spectrum. Sunlightinduced photocatalytic processes have been commonly employed TiO 2 as the photocatalyst, Bahnemann (2004) .
Pharmaceuticals in the environment
Pharmaceuticals, regarded as emerging environmental contaminants because of their endocrine-disrupting properties, are either of natural origin or produced synthetically, Oller et al. (2011) . Pharmaceuticals are generally designed with high stability for their intended effects on humans and are eventually metabolised in the body by biochemical processes. They can be eliminated from the human body either after being partially or completely converted to water soluble metabolites or, in some cases, without being metabolized, Khan and Ongerth (2004) . Their classifications are generally based on their therapeutic uses, and those of environmental interest can be categorized into eight groups, namely non-steroidal anti-inflammatory drugs, antibiotics, beta-blockers, antiepileptics, lipid-lowering agents, antidepressants, hormones, and antihistamines, Khetan and Collins (2007) .
Monitoring studies conducted thus far have verified the occurrence of pharmaceuticals in trace amounts in surface waters, groundwater, and also sewage effluents, Andreozzi et al. (2003) , Carballa et al. (2004) , Lishman et al. (2006) , Moldovan (2006) , and Rodil et al. (2012) . WWTPs represent a major source for the presence of this class of micropollutants in the environment. Variations in the removal efficiencies of pharmaceuticals by WWTPs arose from the differences in their physical and chemical properties together with seasonal conditions, design, and other operating conditions of the treatment facilities, Daughton and Ternes (1999) and Ziylan and Ince (2011) . Furthermore, drinking water and tap water are also reported to contain pharmaceutical residues, Ternes et al. (2002) and Rodil et al. (2012) .
The main concern attributed to the presence of pharmaceuticals and their metabolites is the potential for adverse effects on human health and other living organisms, which thus far not has been well-documented. Due to their complex physicochemical properties and as a result of mixtures of various pharmaceuticals with other pollutants in addition to differences in water quality, advanced treatment such as TiO 2 photocatalysis can be applied to their degradation, Abellán et al. (2007) , Yurdakal et al. (2007) , Giraldo et al. (2010), and Tong et al. (2012) .
Degradation, mineralization, and transformation pathways of pharmaceuticals by TiO 2 photocatalysis
In most of the TiO 2 photocatalytic studies, the focus has been on the determination of optimal operating conditions to produce the best performance in terms of degradation and mineralization. Frequently investigated operational parameters include photocatalyst loading, initial concentration of the pharmaceutical under investigation, type of photocatalyst, pH of the solution, wavelength, and light intensity. Other operational parameters, which enhance the degradation rate, include the addition of co-oxidants and the concentration of electron acceptors.
Studies have reported that kinetic assessment of active pharmaceutical ingredients (APIs) during UV/TiO 2 degradation can often be complex, due to the formation of various degradation products. Interferences between the disappearance of the parent API and newly formed degradation products may also occur. The non-selective nature of hydroxyl radicals contributes to this complexity, Oller et al. (2011) . Design and geometry of the photoreactor also dictates the optimal degradation rate of APIs, Malato et al. (2009) and Friedmann et al. (2010) .
Degradation pathways have been proposed for a number of APIs using mainly mass spectrometry (MS) for the identification of key intermediates, Augugliaro et al. (2012) . Photocatalysis has also been proposed as a tool to identify and predict metabolites, Calza et al. (2004) .
Discussion of photocatalytic degradation will focus on selected APIs including non-steroidal anti-inflammatory drugs, analgesics, antibiotics, and antiepileptics that are relevant to the environment.
Non-steroidal anti-inflammatory and analgesic drugs
Non-steroidal anti-inflammatory drugs (NSAIDs) primarily reduce inflammation, while analgesic (AN) drugs are widely used to relieve pain, Ziylan and Ince (2011) . Examples of NSAIDs include naproxen, ketoprofen, diclofenac, fenoprofen, indomethacin, and ibuprofen, while ANs are acetaminophen (paracetamol), acetylsalicylic acid (aspirin), and the opioid analgesics such as morphine.
Among the most frequently studied NSAIDs and ANs are diclofenac, ketoprofen, ibuprofen, naproxen, and paracetamol. Photocatalytic studies of selected NSAIDs and ANs are summarized in Table 1 .
Diclofenac
TiO 2 photocatalytic oxidation has been employed for the removal of diclofenac (DCF) in various studies aiming to improve the degree of mineralization and also the degradation kinetics by varying different operating parameters.
One of the most comprehensive studies of the effect of UV/TiO 2 on DCF to date was performed by Calza and his group, Calza et al. (2006) . The study included the identification of intermediates formed, mineralization, and also the parameters controlling the degradation rate. Although the photocatalytic efficiency increased with the amount of TiO 2 , high loadings (0.8-0.9 g/L) showed no positive effect on the degradation due to light scattering. The optimum combination of TiO 2 loading/initial concentration, 0.6 g/L/8.17 mg/L, yielded the highest degradation rate with a residual DCF percentage of 0.4 % after 30 min of irradiation. Complete mineralization was only accomplished after 2 h of irradiation. Detoxification of irradiated solutions was demonstrated by a decrease in the inhibition percentage to less than 1 % in 2 h, thus confirming the efficiency of the UV/TiO 2 photocatalytic process.
UV/TiO 2 degradation of DCF alone and in mixtures was examined in two studies by Rizzo et al. (2009a, b) . For the investigation of DCF as a single compound in Milli-Q water, the authors investigated two operational parameters in the presence of oxygen, the initial concentration (5-80 mg/L) and loading of TiO 2 Aeroxide P25 (0.2-1.6 g/L) with a batch reactor. All degradation data followed pseudo-firstorder kinetics, but at higher initial concentrations, 40 and 80 mg/L and 1.6 g TiO 2 /L, DCF degradation was reported to follow second-order kinetics. Chemical oxygen demand (COD) removal increased from 78 to 85 % proportionally with TiO 2 loadings from 0.4 to 0.8 g/L and a DCF initial concentration of 15 mg/L, but declined when concentrations of 40 and 80 mg/L DCF were used, Rizzo et al. (2009a) .
The degradation of DCF in the presence of two other APIs, namely amoxicillin (AMX) and carbamazepine (CBZ), in Milli-Q water was investigated in a subsequent study by the same group, Rizzo et al. (2009b) . In addition, wastewater samples collected from a WWTP in Italy downstream of the biological process was also studied. Photocatalytic oxidation resulted in higher drug removal from the sample mixture prepared using pure water after 30 min of irradiation, than the sample mixture in real wastewater. This difference is attributed to the existence of other oxidizable species and radical scavengers such as carbonates in the wastewater samples, which are able to compete with the APIs during the photocatalytic treatment. Total organic carbon (TOC) removal of up to 80 % after Environ Chem Lett (2014) 12:27-47 29 2 h and a rapid increase after 30 min in the sample mixtures in pure water was observed. UV-A photocatalytic irradiation was applied to the decomposition of DCF with different types of TiO 2 , water matrices, H 2 O 2 concentrations, TiO 2 loadings, and initial concentrations investigated, Achilleos et al. (2010a) . An immersion well type reactor equipped with a UV-A lamp (350-400 nm) was used in this study. All experiments were conducted at a nominal pH of 6 with continuous oxygen flow. Among six TiO 2 samples tested, experiments with TiO 2 Degussa P25 showed the highest conversion of 85 % of DCF after 4 h of irradiation, due to the superior photocatalytic activity of anatase TiO 2 . Nevertheless, the P25 TiO 2 loading did not result in an improved DCF conversion, and in all cases examined, only 85 % conversion was attained. The results demonstrated that UV-A/TiO 2 treatment is effective for DCF abatement as well as mineralization.
Major photoproducts from UV/TiO 2 as well as direct photolysis of DCF were reported by Martínez et al. (2011a) . Photocatalysis of DCF generated eight products with photocyclization, decarboxylation, and dehalogenation established as important pathways (Scheme 1). The main photoproduct formed was identified as a monohalogenated carbazole with a m/z of 259 g/mol as a result of photocyclization of DCF, which also occurred in a DCF Carbonaro et al. (2013) photolysis study, Agüera et al. (2005) . However, another study of DCF oxidation with UV/TiO 2 identified a total of 11 transformation products with four products of similar m/z ratios at 312 generated from hydroxylation of DCF. Hydroxy-and bishydroxy-DCF derivatives were formed with subsequent formation of other chloro-and hydroxyphenol derivatives, Calza et al. (2006) . Differences in photoproducts generated reflect the behavior of DCF toward UV/TiO 2 treatment under the conditions investigated. UV/TiO 2 with a photocatalytic reactor membrane pilot system was tested for the removal of various pharmaceuticals, endocrine-disrupting compounds, and estrogenic activity from water, Benotti et al. (2009) . DCF being one of the thirty-two compounds tested produced first-order removal constant of 8.2 ± 1.6 m 3 /kWh. This study concluded that the photocatalytic reactor membrane mode provides a feasible application to water treatment at larger scales based on the variable removal rates obtained.
New developments in DCF degradation include the investigation of the integration of heterogeneous photocatalysis with other AOPs, for example, the effect of photocatalytic ozonation (O 3 /UV-A/TiO 2 ) on DCF was assessed, Aguinaco et al. (2012) . The study reported negligible differences when investigating the effect of TiO 2 loadings (0.5-2.5 g/L) on 30 mg/L DCF and in all cases complete degradation was achieved in 5.5 min.
Naproxen
The presence of naproxen (NPX) has been reported both in water and wastewater. A recent review has indicated its continuous presence in the water bodies, Ziylan and Ince (2011) . In general, there is still a considerable lack of information on its photocatalytic degradation compared to direct photolysis, which has thus far been performed with artificial UV light and direct sunlight, Packer et al. (2003) and Felis et al. (2007) . Studies on NPX photodegradation and phototoxicity are also available, Boscá et al. (2001) and Isidori et al. (2005) . Detailed kinetics of NPX photodegradation with monochromatic UV irradiation (254 nm) under aerated and deaerated conditions was presented recently by Marotta et al. (2013) . Furthermore, photodegradation of NPX was reported to generate more toxic products than the parent compound, Miranda et al. (1991) and Isidori et al. (2005) .
Only one study has been conducted on the photocatalytic and photolytic degradation of NPX, Méndez-Arriaga et al. (2008a) . Photolysis and photocatalysis with a solar simulator produced 90 and 40 % NPX removal, respectively. Lower percentage removal during the photocatalytic process resulted from either low adsorption of NPX onto the TiO 2 surface or possible recombination and deactivation of the HO
• radical. A higher mineralization level (20 %) was however achieved with photocatalysis compared to photolysis (5 %). The initial degradation rate of NPX increased with TiO 2 loading (0.1-1 g/L) for 0.8 mM/ L NPX. The by-products formed from the 180 min of treatment were identified by means of LC/ESI-TOF-MS. Two major pathways, demethylation and decarboxylation were suggested to occur upon photocatalytic treatment of NPX (Scheme 2).
In another study, the photocatalytic degradation of NPX was evaluated together with two other NSAIDs, namely DCF and ibuprofen (IBP), Méndez-Arriaga et al. (2008b) . A Duran tubular photoreactor was placed in a solar simulator and irradiated with a Xe-OP lamp (290-400 nm). A maximum degradation of NPX was obtained at a TiO 2 loading of 0.1 g/L for 200 mg/L NPX (30°C and flow rate of 0.2 mL/ min) with a kinetic constant of 7.0 9 10 -3 min -1 . In contrast to their previous study, an increase in TiO 2 (0.1-1 g/L) did not improve the degradation rate. The temperature, 40°C during the investigation resulted in a slight increase both in NPX degradation and in TOC conversion. The reaction rate for each NSAID did not vary significantly. Biodegradability (BOD 5 /COD) showed no improvement after photocatalytic treatment of NPX, implying that the byproducts formed affect post-biological treatment.
A photocatalytic oxidation study by Thanasawasdi et al. (2007) including NPX and three other NSAIDs revealed a decrease in first-order rate constants in the order of
Studies have reported inconsistencies in the effectiveness of TiO 2 on NPX degradation. Further research needs to be undertaken in order to gain sufficient knowledge on the degradation kinetics and toxicity outcome of photocatalytically treated samples, in addition to the by-products generated.
Ibuprofen
Ibuprofen (IBP) has been found in water, wastewater, and wastewater effluents due to insufficient removal in WWTPs, Sabri et al. (2012) . Elimination of IBP in WWTPs varies between 75 and 90 %, Tixier et al. (2003) . The most prominent metabolites of IBP, namely carboxyl and/or hydroxy IBP, have been reported to be present after biological treatment as toxic by-products, Mozia and Morawski (2012) . Despite being one of the most consumed pharmaceuticals, there has been little attention devoted to the photocatalytic oxidation of IBP.
A systematic study of IBP (and CBZ) photocatalytic degradation and mineralization spiked in Milli-Q and wastewater samples was performed under UV-A and simulated solar irradiation, Achilleos et al. (2010b) . The study concluded that heterogeneous photocatalysis, under both UV-A and solar irradiation, was effective for IBP removal in the presence of TiO 2 , in particular Degussa P25. The study proposed that this treatment can be employed as a post-secondary treatment in WWTPs.
UV/TiO 2 degradation of IBP and two other NSAIDs, DCF and NPX, revealed that IBP can be completely removed, Méndez-Arriaga et al. (2008b) . A maximum conversion of 200 mg/L IBP was achieved in the presence of 1 g/L TiO 2 after 240 min of irradiation with a first-order kinetic constant of 9.1 9 10 -3 min -1 . Further investigation showed that biodegradability (BOD 5 /COD index) of IBP was enhanced in the presence of excess dissolved oxygen. The study thus proposed that post-biological treatment is feasible for the removal of IBP. ESI/MS analysis of 4 h of photocatalytic treatment revealed that hydroxylation or HO
• attack on the propanoic acid moiety and/or isobutyl chain is the dominant route for IBP degradation. Demethylation and decarboxylation processes resulted in the formation of other organic acids such as propionic, formic, or hydropropionic acid or their sodium salts (Scheme 3).
A recent study investigated the effect of titania P25 photocatalyst on IBP degradation in air and under varying operating reaction conditions such as catalyst concentration, photocatalyst-to-substrate mass ratios, pH, oxygen supply and catalyst reuse, Choina et al. (2013) . A photocatalyst-to-substrate mass ratio of 2:1 significantly enhanced IBP removal even after three cycles of reuse compared to a 1:1 mass ratio. An increase in the titania P25 concentration, favoring the decomposition of intermediates involved in the formation of oligomeric species, was observed in UV-Vis spectra at an absorbance of k 262 nm.
Studies performed thus far have indicated the UV/TiO 2 photocatalytic degradation of IBP in aqueous solution to be a highly efficient process. Acetaminophen Acetaminophen, commonly known as paracetamol, is the API in a variety of over-the-counter analgesics and antipyretic drugs. Its occurrence in levels up to 6 and 10 ppb, respectively, in natural waters, in European sewage treatment plant effluents and in the United States has been reported. Oxidation of paracetamol by means of UV/H 2 O 2 was employed to determine the intermediate and degradation products, Vogna et al. (2002) . Few studies have, however, investigated the removal of paracetamol by photocatalytic degradation. Li et al. (2012) Kinetic optimization and degradation pathways of paracetamol UV/TiO 2 were reported by Yang et al. (2008) . Comparing UV-A/TiO 2 and UV-C/TiO 2 irradiation, the latter was found to be more effective in degrading 4.0 mM of the parent compound as well as reducing TOC to about 60 % in 300 min (at 0.4 g/L TiO 2 ). Increasing TiO 2 loading from 0.04 to 5.0 g/L caused the degradation rate to increase from 4.9 ± 0.5 to 14.7 ± 1.7 9 10 -3 min -1 until it levelled off to 13.7 ± 1.2 9 10 -3 min -1 at 0.8 g/L. Increase in pH from 3.5 to 9.5 also increased the degradation rates from 11.0 to 16.5 9 10 -3 min -1 . However, a higher pH of 11 significantly slowed down the degradation rate due to repulsion between negatively charged TiO 2 and paracetamol. A similar pH effect was also observed by Zhang et al. (2008b) .
In order to establish the nature of the most active species (e cb -, h vb ? , HO Both studies identified 11 common intermediates, including aromatic compounds, carboxylic acids, and nitrogen containing aliphatic compounds from the photocatalytic degradation of paracetamol (Scheme 4). Two additional inorganic intermediates, namely ammonium and nitrate, were proposed as a result of successive mineralization of the intermediates. The degradation is initiated by hydroxylation through HO
• addition onto the aromatic ring, which subsequently results in further oxidation to form carboxylic acid derivatives, Yang et al. (2009) . In addition, an alternative deacylation mechanism for the UV/TiO 2 oxidation of paracetamol was proposed based on HPLC, UV-Vis spectroscopy, and IR spectroscopy by Moctezuma et al. (2012) .
Recent advances in the photocatalytic degradation of paracetamol revealed that UV-A/LEDs (Light Emitting Diode) can be used instead of the traditional mercurylamps. Conventional lamps are known for their high energy cost and the incorporation of toxic mercury, Xiong and Hu (2012) and Haggiage et al. (2009) . TiO 2 P25 caused significant degradation of paracetamol with complete degradation within 20 min. One important advantage demonstrated in this study was the possibility to employ a low average amount of TiO 2 (0.01 g/L) due to the high light intensity from the chosen LED lamps. This finding 
Environ Chem Lett (2014) 12:27-47 37 has important implications for the application of UV-A/ LED light sources in water and wastewater treatment. The presence of TiO 2 has been shown to enhance both the degradation and mineralization of paracetamol using a batch reactor, Augilar et al. (2011) . This study reported 2 g/L TiO 2 P25 to be the optimum loading under the investigated conditions. The use of a benchtop flow reactor was also demonstrated to be effective to degrade paracetamol and three other pharmaceutical compounds in pHbuffered electrolyte solutions (synthetic solutions). In contrast, a decline in treatment efficiencies was observed when a biologically treated wastewater effluent was used, Carbonaro et al. (2013) . Organic matter and inorganic constituents thus have an important effect on the activity of photocatalysts.
Antibiotics
In recent years, there has been an increasing amount of literature on the photocatalytic treatment of antibiotics, due to their extensive use in both humans and animals as agents to prevent and treat microbial infections. The polar and non-volatile nature of antibiotics results in their persistence either as the parent compound or as metabolites upon conventional water treatment, which contributes significantly to their accumulation in the environment, Homem and Santos (2011) . The emergence of antibiotic resistant strains of bacteria as a result of this continuous accumulation is also of great concern, Elmolla and Chaudhuri (2010a) .
Studies conducted to assess the potential of TiO 2 photocatalytic degradation on four important classes of antibiotics namely b-lactam antibiotics, quinolones, tetracyclines, and sulfonamides are summarized in Table 2 .
b-Lactam antibiotics
Degradation of the b-lactam antibiotic amoxicillin (AMX) has been undertaken in the presence of standard TiO 2 P25, TiO 2 Anatase as well as doped Ti mainly under UV-A irradiation.
Investigation of the TiO 2 photocatalytic degradation of AMX was performed with ultrapure water and secondary effluent water with different TiO 2 materials, Dimitrakopoulou et al. (2012) . Of the various catalysts tested, TiO 2 Degussa P25 (250 mg/L) was found to be the most efficient TiO 2 photocatalyst, yielding complete degradation after 25 min and 93 % mineralization within 90 min of irradiation for 10 mg/L of AMX. Under the same conditions, TiO 2 (Anatase) required at least 45 min to achieve a complete removal. In addition, the degree of mineralization failed to rise above 75 % after 90 min of irradiation. Secondary effluent water retarded the degradation of AMX, which was attributed to the presence of organic matter, bicarbonates, and chlorides.
AMX spiked hospital wastewater samples also completely degraded upon TiO 2 Degussa P25 photocatalysis (800 mg/L at pH 4 and 30°C) after 30 min of irradiation. Only 85 % degradation was achieved using the photoFenton process after an extended period of 60 min, Martins et al. (2009) . In contrast, the percentage COD removal was higher for photo-Fenton process than for photocatalysis, with 64.6 versus 44 %, respectively. Toxicity inhibition studies with Artemia salina showed that both treatments were efficient in reducing toxicity and reductions of 43.5 and 46.3 % were obtained in the photo-Fenton and the UV/ TiO 2 process, respectively.
Another study compared the efficiency of four AOPs, namely Fenton, photo-Fenton, TiO 2 photocatalysis (UV/ TiO 2 and UV/TiO 2 /H 2 O 2 ), and ZnO photocatalysis (UV/ ZnO) on AMX in distilled water in combination with two other antibiotics, ampicillin and cloxacillin under UV-A irradiation (365 nm), Elmolla and Chaudhuri (2010b) . Based on the pseudo-first-order rate constants under optimum operating conditions, photo-Fenton resulted in the highest rate constant of 0.029 min A separate study reported on the efficacy of TiO 2 (Anatase with purity [ 99 %) on AMX (and ampicillin and cloxacillin) degradation in distilled water, irradiated with UV-A lamp (365 nm), and further enhanced by the addition of H 2 O 2 , Elmolla and Chaudhuri (2010c) . These somewhat contradictory results to those reported by Martins et al. (2009) may be attributed to differences in the photocatalytic activity of the various TiO 2 used, the irradiation source, the addition of H 2 O 2 , and also the nature of water matrix.
A comparison between photocatalysis using doped and undoped titania with artificial UV-A and sunlight showed that the latter produced a three times faster degradation for AMX than artificial UV, Klauson et al. (2010) . The improved efficiency of 2 h of solar (16 mW/cm 2 ) photocatalytic illumination with TiO 2 Degussa P25 over 6 h irradiation with artificial UV-A light (365 nm) for AMX was apparent. Doped catalysts with Fe and C also demonstrated comparable efficiencies to that of the Degussa P25. Photocatalytic degradation pathways were proposed to occur for different AMX concentrations, 10, 25, and 100 mg/L (pH 6, 20°C) at three different reaction rates. The majority of the degradation products differed under these three reaction conditions, but in-common products were identified. Only small amounts of ammonia, nitrate, and sulfate were detected, which implies that the heteroatoms N and S remained in the organic by-products. p-Hydroxybenzoic acid (m/z 139) was a common degradation product found under all photocatalytic conditions. Scheme 5 shows the proposed degradation pathway for AMX.
It can be concluded that artificial UV and solar photocatalysis with TiO 2 facilitated efficient AMX degradation. ZnO has the potential to be as effective as TiO 2 for the degradation of AMX. Thus, more research is needed to evaluate the potential of ZnO for AMX degradation by optimizing the parameters determining its degradation. There are also similarities expressed between studies, where the UV-A type of irradiation was sufficient to cause AMX degradation.
Sulfonamide and other sulfa antibiotics Sulfonamides and sulfanilamide derivatives are antibacterial agents used both in animals and in humans for the treatment of infections.
Sulfamethoxazole (SMX), being the most commonly used member of the group of sulfonamide antibiotics, is prescribed for urinary tract infections and has been detected in the environment. This synthetic antibiotic is used either alone or in combination with trimethoprim. There have been reports on the UV/TiO 2 treatment of this pharmaceutical using various lamp sources, Abellán et al. (2009) and Nasuhoglu et al. (2011) .
Sulfamethoxazole has been reported to be susceptible to direct photolysis with a Xe lamp resulting in significant degradation, but poor mineralization, Abellán et al. (2007 Abellán et al. ( , 2009 . When irradiated without the use of a filter and photocatalyst, SMX degraded up to 80 % with only a reduction of 14 % in TOC, Abellán et al. (2007) . In contrast, the photocatalytic degradation of 100 ppm of SMX in the presence of 1.0 g/L TiO 2 yielded a 88 % reduction in TOC. The optimum TiO 2 P25 concentration was found between 0.5 and 1.0 g/L. Variations in pH (2-11) resulted in very minor changes and the degradation remained almost constant at 85 %, with a very small increase at the lower pHs. A total of five intermediates were identified using mass spectrometry. Of these, the intermediate with a molecular weight of m/z = 397 was found to be the major degradant and was identified as a dimer of the parent SMX. UV-C irradiation (254 nm) was employed to study the photolytic and photocatalytic degradation of SMX in pure water, Nasuhoglu et al. (2011) . The results suggest that photolysis is an important degradation pathway for SMX (12 mg/L) which corroborates the findings of Abellán et al. (2007) . The tendency for direct photolysis was explained by the matching of the SMX absorbance with the highest intensity emission of the UV-C lamp. UV-C radiation resulted in complete degradation of SMX within 10 min, while TiO 2 photocatalysis required 30 min to achieve a similar level of degradation. However, mineralization measured as COD was more efficient upon photocatalysis treatment with 87 % removal, compared to only 24 % removal upon photolysis. Photoproducts generated from both treatments were reported to be more toxic than the parent SMX.
Another study demonstrated that UV-A (350-400 nm)-induced photocatalysis with TiO 2 Degussa P25 is effective for SMX degradation in an immersion well batch photoreactor, Xekoukoulotakis et al. (2011) . Complete degradation of 10 mg/L of SMX with 250 mg/L TiO 2 P25 was achieved in 30 min. Likewise, a TOC reduction of up to 90 % was observed. The photocatalytic degradation at different initial concentrations (2.5-30 mg/L) followed the Langmuir-Hinshelwood (L-H) kinetic model.
The behavior of three sulfonamides, namely sulfachlorpyridazine, sulfapyridine, and sulfisoxazole, all with similar structures, toward UV/TiO 2 treatment was investigated by Yang et al. (2010) . Photocatalytic treatment generally proved effective for these sulfa drugs, with removal efficiencies varying between 85.2 and 92.5 % after 60 min of irradiation. TOC was concomitantly removed in high percentages (81.5-90.8 %) within 240 min with all three drugs showing complete mineralization to CO 2 , H 2 O, and inorganic ions. Photocatalytic degradation rate constants of these three sulfa drugs also increased with the amount of TiO 2 from 0.25 to 3 g/L. It was proposed that photoholes and HO
• play the most important role in the disappearance of the sulfonamides. Different photocatalytic degradation rate constants for the three drugs were obtained at different pH values, despite their similar structures. This was attributed to changes in their zwitterionic nature in different pH environments. The two major pathways for photocatalytic degradation of the sulfa drugs were hydroxylation and cleavage of the S-N bond by the photohole (Scheme 7).
Quinolones and fluoroquinolones
Quinolones are synthetic antibacterial agents that are widely used in both humans and livestock. First-and second-generation quinolones are active against gram-negative bacteria, whereas the third-and fourth-generation drugs also have extended activity against gram-positive bacteria, Nasuhoglu et al. (2012) . Fluoroquinolones (FQs) have attracted substantial attention due to their incomplete metabolism and frequent detection in the environment, Michael et al. (2010) .
As for other synthetic antibiotics, FQs are not fully metabolized and thus excreted largely unchanged. The persistent nature of FQs is associated with the quinolone ring, which causes their high chemical stability and contributes additionally to their resistance toward hydrolysis, Sturini et al. (2010) . Incomplete mineralization of FQs results in the generation of a range of intermediates, which still contain the quinolone ring structure and consequently continue to exhibit antibacterial activity.
The performance of immobilized TiO 2 integrated into an annular reactor was tested with black light (360 nm) using 18 ppm oxolinic acid (OX) at pH 9 under oxygenated conditions. A comparison was made with 1 g/L titania suspension, using the same reactor. The coated titania was capable of removing OX acid to over 90 % after 60 min, while TOC was reduced by 50 % after 100 min of irradiation. In suspension, 90 % removal was achieved after 20 min whereas total removal took 40 min. The improved performance of the suspended TiO 2 was explained by the superior adsorption, which subsequently increased the reaction rate, Palominos et al. (2008) .
A systematic evaluation of OX acid removal in ultrapure water was conducted by Giraldo et al. (2010) . The optimum conditions for complete degradation of 20 mg/L OX acid after 60 min of irradiation were with 1.0 g/L TiO 2 and at pH 7.5. COD was reduced by 50 % and the degradation followed pseudo-first-order kinetics. The study also revealed that OX acid intermediates exhibited lower 
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Scheme 7 Photocatalytic degradation pathway of the sulfonamides, Yang et al. (2010) toxicity than the parent compound, in addition to a loss of antimicrobial activity based on an Escherichia coli assay.
UV-A/TiO 2 has also been shown as an effective technology for oxidation of ciprofloxacin (CIP) in pure water, An et al. (2010) and Paul et al. (2010) . UV-A and Vis light sources were employed to study the photolytic and photocatalytic degradation of CIP, Paul et al. (2010) . Based on the pseudo-first-order rate constants, the efficiency of CIP degradation increased in the order UV-A only \ Vis/ TiO 2 \ UV-A/TiO 2 . Degradation of CIP by UV-A/TiO 2 is proposed to occur via three mechanisms: direct UV-A photolysis, charge transfer, and charge separation involving the semiconductor. Various piperazine ring transformation products were formed upon UV-A/TiO 2 and Vis/TiO 2 treatment.
Photocatalytic degradation of four FQs, namely ofloxacin, norfloxacin, ciprofloxacin and enrofloxacin, was examined simultaneously using a solar simulator, Li et al. (2012) . Alkaline conditions (pH 9) resulted in almost complete degradation (98-100 %) for all four FQs after 150 min of irradiation. Likewise, TOC was reduced by 58 %. The threshold TiO 2 load was found to be 0.5 g/L at pH 9 to achieve 96-100 % of degradation of the four FQs. The effects of pH changes on these four FQs were rather complex, due to different ionization states of the catalyst and the substrates.
A third-generation FQ, moxifloxacin (MOX) was also evaluated under UV/TiO 2 and the influence of various parameters was examined using a batch photoreactor equipped with a UV-A lamp (300-440 nm), Van Doorslaer 
Environ Chem Lett (2014 Lett ( ) 12:27-47 41 et al. (2012 . A catalyst loading of 5 g/L, temperature of 25°C, and air sparging at 60 mL/min were found optimal for removing 37.4 lM of MOX. An independent study highlighted that TiO 2 Degussa P25 was more effective than two other common photocatalysts, Hombikat UV 100 and PC 500, for the degradation of 0.25 mM of norfloxacin (NOR) (pH 6.3) with 1 g/L of photocatalyst, Haque and Muneer (2007) .
Another study reported on the photocatalytic decomposition of six FQs, namely ciprofloxacin, danofloxacin, enrofloxacin, levofloxacin, marbofloxacin, and moxifloxacin in unfiltered river water under natural sunlight, Sturini et al. (2012) . Compared to direct photolysis under natural sunlight, all of the tested drugs except CIP underwent faster degradation with degradation rate constants ranging from 0.22 to 2.78 min -1 in the presence of TiO 2 (0.5 g/L). The results demonstrated the effectiveness of solar TiO 2 photocatalysis for the removal of FQs from a river water matrix, despite the presence of other non-target matrix components. CIP in hospital wastewater has also been satisfactorily removed with UV/TiO 2 using a medium pressure Hg lamp. Oxidation of the piperazine group was found to be the major degradation pathway for CIP, Vasconcelos et al. (2009) .
The results of UV/TiO 2 oxidative treatment were presented for the removal of quinolones and FQs and demonstrate the potential of this method not only for individual contaminants, but also for mixtures.
Tetracyclines
A comparison of photocatalytic degradation and mineralization of oxytetracycline (OTC) in a laboratory and on a pilot-scale was reported by Pereira et al. (2011) . Photocatalysis with laboratory scale experiments using a solar simulator produced 95 % degradation. In contrast, only 36 % degradation was achieved upon direct photolysis after 60 min of irradiation. Solar photocatalysis in a CPC pilot plant reactor, however, showed complete removal of OTC with energy consumption 10 times less than solar photolysis, also performed in a CPC reactor. All experiments followed pseudo-first-order kinetics, but the rate constants increased from the photolytic to photocatalytic operation modes. Solar photocatalysis in a CPC reactor produced the highest pseudo-first-order rate constant of 2.63 ± 0.03 L/kJ, indicating the efficiency of such a photoreactor to harvest and utilize solar photons.
Several studies involving tetracycline (TC) have been carried out to determine its photocatalytic degradation, Reyes et al. (2006) , Palominos et al. (2009), and Mboula et al. (2012) . Catalyst performance and biodegradability or antibacterial efficiency arising from the treated solutions differed for all studies reported. Using a multivariate and response surface method approach, the optimum degradation rate for each catalyst was investigated. ZnO exhibited a slightly higher oxidation rate than TiO 2 P25. The optimum oxidation conditions for TiO 2 were established as 1.5 g/L at pH 8.7. For ZnO, the most appropriate conditions were 1.0 g/L and pH 11, Palominos et al. (2009) .
The TC disappearance over the irradiation time, at different pH values and with three different light sources, namely UV lamp (k [ 254 nm), UV-A lamp (k = 365 nm), and a solarium device (k = 300-400 nm), was carried out by Reyes et al. (2006) . Based on the pseudo-first-order rate constants, direct photolysis was regarded negligible for TC. In contrast, faster degradation rates were achieved with the solarium and UV light in the presence of TiO 2 . These findings were supported by the high irradiance intensities measured from the UV lamp (1,210 lW/cm 2 at 365 nm) and the solarium lamp (1,980 lW/cm 2 at 365 nm), respectively. Rapid disappearance of TC and subsequent complete mineralization was achieved after 2 h of irradiation.
In general, direct photolysis provided negligible contributions to TC degradation. It has been demonstrated that the photocatalysts, TiO 2 and ZnO promoted the degradation of TC.
Antiepileptics
The most commonly investigated antiepileptic is the dibenzazepine derivative, carbamazepine (CBZ; 5H-dibenzo[b,f]-azepine-5-carboxamide). CBZ, also used as sedative for numerous mental disorders, can cause toxic effects in the liver and is a hematopoietic. Studies have reported the removal efficiency of CBZ in WWTPs as below 10 %, Andreozzi et al. (2002) and Zhang et al. (2008a) . To address this issue, photocatalytic remediation has been employed for CBZ and has been shown to be efficient. A summary of the TiO 2 photocatalytic studies of CBZ is presented in Table 3 .
Photocatalytic degradation of CBZ has been examined in deionized water, Dai et al. (2012) and Im et al. (2012) , real wastewater samples from WWTPs, Achilleos et al. (2010b) , and formulated hospital wastewater, Chong and Jin (2012) . In general, there are some discrepancies in these photocatalytic studies on CBZ.
A comparative study on the effect of the different treatments on CBZ (4.2 lM) degradation efficiencies showed the following trend: UV/Fenton (86.9 %) [ UV/ TiO 2 (70.4 %) [ Fenton (67.8 %) [ UV/H 2 O 2 (40.6 %) [ UV (14.2 %). On the basis of operating costs, the Fenton process proved to be the most cost-effective in comparison with the other four AOPs, Dai et al. (2012) . UV/TiO 2 and UV photocatalysis were indicated as costly approaches for wastewater treatment. However, the authors reported that this statement can be challenged on the grounds that the cost of photocatalytic treatment can be reduced by applying sunlight as the irradiation source.
The removal efficiency by UV-A (350-400 nm) and solar irradiation provided by a solar simulator on CBZ was investigated along with another API, IBP, Achilleos et al. (2010b) . Greater degradation was attained with UV-A irradiation than with artificial solar radiation for both APIs. Degradation of CBZ in pure water was found to be more dependent on changes in the loading of Degussa P25 TiO 2 compared to IBP. Conversion of 74 % of CBZ, which was achieved after 120 min of reaction with 100 mg/L TiO 2 Degussa P25 under UV-A irradiation, decreased to 35 % upon solar irradiation, attributed to completely different reactor setups. The study proved that UV-A and solar irradiation can be applied to CBZ removal (and also for IBP). However, direct photolysis with a UV-A lamp produced negligible degradation and DOC removal for CBZ.
The results from another study confirmed that direct photolysis supplied by a UV-C irradiation source was not effective for CBZ elimination, Im et al. (2012) . An important contribution of the study is that UV-C irradiation increased the removal efficiency compared to UV-A irradiation employed for a 0.021 mM CBZ solution in the presence of 0.5 g/L TiO 2 P25. Addition of radical scavengers decreased the removal rate, suggesting that HO
• has a crucial role to play in the photocatalytic degradation of this compound.
A TiO 2 nanofiber was evaluated as a pre-treatment option and for improvement of biodegradability of 5,000 lg/L CBZ in synthetic hospital wastewater, Chong and Jin (2012) . This method was found to be efficient for CBZ abatement in synthetic hospital wastewater and also for COD removal. A high CBZ degradation rate of 48.33 lg/L min was obtained, which also resulted in 40 % COD reduction after 4 h of treatment. The study highlighted the fact that the TiO 2 -based system has a good potential as a sustainable pre-treatment system for hospital wastewater.
The research group of Frimmel (2004, 2005a, b) conducted multiple photocatalytic studies on CBZ under various conditions. TiO 2 photocatalysis is accepted as a promising abatement method for CBZ. When a comparison was made with Hombikat UV100, CBZ was degraded more efficiently with TiO 2 P25 under simulated solar irradiation, Doll and Frimmel (2004) . In the subsequent study, photocatalytic degradation of CBZ was investigated with two types of TiO 2 photocatalysts in the presence and absence of natural organic matter (NOM) under simulated solar UV light, Doll and Frimmel (2005a) . It was noted that different concentrations of NOM had different effects on the kinetics of CBZ degradation. In general, NOM retarded the photocatalytic degradation rate of CBZ. This was attributed to competitive inhibition as NOM scavenged the holes. This research group also suggested possible photocatalytic degradation products for CBZ, Doll and Frimmel (2005b) (Scheme 8).
Another study attempted to investigate effects of UVCVis and UV radiation sources with TiO 2 P25, ZnO, synthesized nanocrystalline TiO 2 and a composite TiO 2 on CBZ degradation, Martínez et al. (2011b) . Highest firstorder rate constants (k app ) were obtained with near UV-Vis ? P25 and UV ? P25 with 1,521 9 10 -4 and 2,005 9 10 -4 min -1 , respectively. In comparison with commercial ZnO catalyst, P25 showed a slightly higher rate constant of 17 %. Photocatalytic degradation of CBZ with near UV-Vis and UV led to the formation of ten photoproducts which was in accordance with those reported by Doll and Frimmel (2005b) . 
Conclusion
The presence of pharmaceuticals or drug compounds in surface and ground water clearly represents a challenge environmentally, particularly due to the unknown effects on the health of humans and inadequate evidence of the impact on aquatic organisms. An efficient removal treatment method such as TiO 2 photocatalysis thus presents an important option for the degradation of a wide range of drug compounds in water. This has been demonstrated by a number of studies which have addressed not only reaction kinetics, but have also sought to optimize the following parameters: TiO 2 loading, initial concentration of the drug compound, pH of solution, and water matrix to improve the efficiency of the process. However, only a few studies have focused on the identification of by-products formed during reaction and proposed possible degradation pathways for these drug compounds. This therefore represents an important area for future research. Although the treatment of drug compounds typically has involved single AOPs, the recent development of AOP hybrid techniques such as photocatalytic ozonation and sonophotocatalysis also appears to be promising for elimination as well as improved mineralization of pharmaceuticals and has attracted considerable interest.
In conclusion, despite these promising findings, inconsistencies in removal rates, extent of mineralization, and photoproduct formation simply highlight the complex behavior of the drug compounds toward TiO 2 photocatalysis. More information on optimizing the kinetics of degradation of mixtures of drug compounds in water of varying quality is thus needed, particularly at the pilotscale and for application to real wastewater treatment.
